The origin and composition of sediment organic matter (SOM) were investigated together with its spatial distribution in the Arcachon Bay -a macrotidal lagoon that shelters the largest Zostera noltii meadow in Europe -using elemental and isotopic ratios. Subtidal and intertidal sediments and primary producers were both sampled in April 2009. Their elemental and isotopic compositions were assessed. Relative contributions of each source to SOM were estimated using a mixing model. The SOM composition tended to be homogeneous over the whole ecosystem and reflected the high diversity of primary producers in this system. On average, SOM was composed of 25% of decayed phanerogams, 19% of microphytobenthos, 20% of phytoplankton, 19% of river SPOM and 17% of macroalgae. There was no evidence of anthropogenic N-sources and SOM was mainly of autochthonous origin. None of the tested environmental parameters -salinity, current speed, emersion, granulometry and chlorophyll a -nor a combination of them explained the low spatial variability of SOM composition and characteristics. Resuspension, mixing and redistribution of the different particulate organic matters by wind-induced and tidal currents in combination with shallow depth probably explain the observed homogeneity at the whole bay scale.
Origin and composition of sediment organic matter in a coastal semi-enclosed ecosystem: An elemental and isotopic study at the ecosystem space scale 
Introduction 66
Coastal ecosystems represent 6% of earth and 8.5% of marine biomes (Costanza et al., 1997) . 67
Profuse and renewed amounts of organic matter and nutrients originating from the watersheds 68 spark off high biological productivity in coastal zones. High primary production in these 69 zones is associated with a wide diversity of primary producers. Shallow depths and tides 70 allow the development of macrophytes such as kelp forests (Mann, 1973) , salt marshes 71 (Adam, 1990) , mangroves (Kathiresan & Bingham, 2001 ) and seagrass beds (Duarte, 1991) , 72 which constitute an originality of coastal ecosystems as compared to oceanic ones, where 73 primary production is dominated by phytoplankton. 74
Among these primary producers, seagrass meadows are prominent components of the littoral 75 zone. Green & Short (2003) estimated that the total worldwide surface area of these meadows 76 is about 177 000 km². Seagrass meadows are considered the most valuable/profitable 77 ecosystems by Costanza et al. (1997) (3) protecting coast from erosion (Terrados & Duarte, 2000) , and (4) purifying coastal waters 82 (Ward, 1987) . Seagrasses net worldwide primary production averages 1 012 gDW m for 12% of the net worldwide coastal primary production and about 1% of the oceanic global 85 net primary production (Duarte & Chiscano, 1999) . Moreover, seagrasses support vegetal 86 epiphytes (micro-or macro-algae), which can be as productive as seagrasses themselves 87 (Borowitzka et al., 2006) . Seagrass meadows are also natural hotspots for carbon 88 sequestration with an estimated global seagrass carbon sinks of 48 to 112 tons per year 89 (Kennedy et al., 2010) . Seagrass beds are directly or indirectly submitted to anthropogenic 90 philippinarum (Dang et al., 2009 ). Finally, the large water volumes circulating through the 141 entrance of the bay during each tide (between 130 and 400.10 6 m 3 ) and wind regimes 142 associated with shallow depths lead to resuspension processes, which could affect the 143 composition of SOM. This leads to the question of the origin and spatial distribution of 144 sediment organic matter in such an ecosystem characterized by a high number and diversity of 145 primary producers and POM sources. This question has not been tackled so far although SOM 146 in the Arcachon Bay represents a major potential food source for benthic macrofauna. 147
To understand organic matter flows from primary producers to primary consumers, it is 148 essential to first investigate SOM origin and spatial distribution. Indeed, and depending on 149 spatial location, sediment composition can be affected by various factors like freshwater 150 inputs or resuspension. Consequently a different composition of organic matter can be 151 expected in relation to a different origin of this matter and according to spatial location. The 152 specific aims of the present study were: (1) to determine isotopic and elemental signatures of 153 potential sources, (2) to compare these signatures with those of sediment organic matter in 154 order to (3) estimate the relative contribution of each primary producer to SOM composition, 155 and finally (4) to investigate the spatial variability of sources and SOM characteristics in 156 order to determine its environmental forcing. 157 158 2. Material and methods 159 2.1. Study site 160
The study was carried out in Arcachon Bay (44°40' N, 1°10' W), a macrotidal (tidal 161 amplitude: 0.8 -4.6 m) semi-enclosed lagoon of 174 km² located in south-western France 162 (Fig. 1) .This coastal ecosystem receives ocean water through a narrow channel located in the 163 Southwest and riverine water from: (1) the Leyre River (73 % of river water inputs; Plus et 164 al., 2010) and (2)several small streams located in the north-eastern and southern part of the 165 bay (Fig. 1) All frozen samples were freeze-dried before further processing, except sediments for grain-225 size analysis, which were defrozen at room temperature and filters for chlorophyll a, which 226 were directly processed. 227 Sediment grain-size was assessed using a Malvern® Mastersizer Sizer laser 228 microgranulometer. 229
Chlorophyll a was extracted from sediment and filters with 90% acetone (final concentration) 230 and fluorescence was measured using a Turner Designs TD-700 fluorimeter (Yentsh & 231
Menzel, 1963). 232
Suspended Particulate Matter was determined gravimetrically. 233
Filters for particulate organic carbon and nitrogen elemental and isotopic compositions 234 (SPOM and microphytobenthos) were decarbonated using HCl vapours. Filters for SPOC and 235 SPON concentration were analysed using a Flash Elemental Analyser Series 1112 236 (ThermoFinnigan®). Filters for SPOC and SPON isotopic compositions were scrapped and 237 poured into tin cups. Sediment for SOC and SON elemental and isotopic composition was 238 sieved on a 500 µm mesh and powdered using a pestle and a mortar. Macrophytes were 239 powdered using a ball mill. Sediment and macrophyte powders were weighed into tin cups for 240 N elemental and isotopic compositions. For C elemental and isotopic compositions, powder 241 was weighed into silver cups and decarbonated using 1.2N HCl ). Cup 242 samples were then analysed for C or N elemental and isotopic compositions using an 243 elemental analyser (EA; NC2500, CarloErba®) coupled with an isotope ratio mass 244 spectrometer (IRMS; Isoprime, GV Instruments®). IRMS daily drift was monitored using 245 home-made standards (caseine, glycine) and, if necessary, data were corrected consequently. 246
Elemental composition was calibrated against acetanilide and isotopic composition against 247 home-made standards and reference material (IAEA-N2). 248
All isotopic data were expressed in the conventional delta notation (‰): 249 identify the main groups of primary producers and organic matter sources. Data were first 272 normalised and a similarity matrix based on Euclidean distances was produced and later 273 processed using cluster analysis (group average method). The groups identified by the cluster 274 analysis were tested using the SIMPROF procedure (Clarke & Warwick, 2001) . 275
Some primary producers (Z. noltii, Gracilaria spp. and microphytobenthos) were found at a 276 large spatial scale within the Arcachon Bay. The variability of their isotopic signatures and 277 the variability of SOM isotopic signatures were investigated at the system space scale. 278
Especially, the possible effect of concentration of chlorophyll a, percentage of silts and clays, 279 salinity, current speed and percentage of emersion on these variabilities was tested using the 280 BIOENV procedure (Clarke & Warwick, 2001 ). Salinity, current speed and percentage of 281 emersion were derived from the hydrodynamic MARS-model developed by Plus et al. (2009) . 282 ANOSIM (ANalysis Of SIMilarity) tests were performed to test the effect of habitats: subtidal 283 (S), intertidal covered by Z. noltii (I+Z.n.) and intertidal without Z. noltii (I-Z.n.) on sediment 284 organic matter composition (Clarke & Warwick, 2001 ). These analyses were performed using 285 PRIMER v.6. 286
Non-parametric Kruskal-Wallis tests were performed to assess significant univariate 287 differences between subtidal sediments, sediments covered by Z. noltii and sediments without 288 Silt and clays contents (average ± standard deviation) were usually lower in subtidal 318 sediments (24 ± 23 %) as compared with intertidal sediments (I+Z.n.: 47 ± 11 %; I-Z.n.: 41 ± 319 17 %; Table 2 ) whereas chlorophyll a concentration was highly variable (S: 5.4 ± 6.9 µg g -1 ; 320 I+Z.n.: 8.9 ± 3.7 µg g -1 ; I-Z.n.: 15.5 ± 15.6 g g -1 ; Table 2 ). Conversely, δ 15 N, δ (Table 2 ). δ 15 N, δ 13 C and C/N ratio of I+Z.n. SOM were 4.6 ± 0.5 ‰, 325 -18.6 ± 0.7 ‰ and 10.6 ± 1.1 mol mol -1 , respectively (Table 2) . I-Z.n. SOM showed mean 326 δ 15 N, δ 13 C and C/N ratio of 4.7 ± 0.5 ‰, -19.7 ± 1.0 ‰ and 10.7 ± 1.0 mol mol -1 , respectively 327 (Table 2) . 328
Cluster analysis and SIMPROF test based on isotopic values and C/N ratios did not 329 discriminate any group of sediments (Fig. 3C) . The ANOSIM performed on these values 330 showed that there was no significant difference between subtidal sediments, intertidal 331 sediments with Z. noltii and intertidal sediments without Z. noltii (Global test, R = 0.049, p > 332 0.05). Nevertheless, pairwise tests performed within ANOSIM on groups of sediments, 333
showed that subtidal sediments differed from I+Z.n. sediments (R = 0.156, p < 0.05). Only 334 δ 13 C was significantly (p < 0.05) different between subtidal sediments (-20.5 ± 1.4 ‰) and 335 intertidal Z. noltii meadow (-18.6 ± 0.7 ‰). This difference was due to two subtidal stations 336 (Fig. 3 ) located in the southern channel of the bay (stations B and K; Fig. 1 ). C/N ratios were 337 also very homogeneous at the bay scale (10.8 ± 1.2 mol mol -1 ) but with the exception of four 338 stations that exhibited lower values, close to the phytoplankton C/N ratio (Fig. 2, 3) . 339
Possible effects of chlorophyll a concentration, percentage of silts and clays, salinity, current 340 speed and percentage of emersion on elemental and isotopic spatial variability of sediments 341 were tested. None of these parameters either alone or in combination explained the variability 342 of sediment isotopic and elemental signatures (BIOENV, p > 0.05). 343 344
Composition of sediment organic matter 345
Relative contribution of river SPOM and decayed phanerogams varied between kinds of 346 sediments. River SPOM contributed more to subtidal sediments (27 ± 14 %) than to intertidal 347 bare sediments (20 ± 7 %) and to intertidal sediments covered by Z. noltii (14 ± 6 %). 348
Decayed phanerogams contributed more to intertidal sediments covered by Z. noltii (29 ± 8 349 %) than to intertidal bare sediments (23 ± 8%) and to subtidal sediments (22 ± 6 %). However 350 there was no significant difference in the relative contribution of any primary producer 351 between any groups of sediments (Friedman ANOVA on frequency distributions of results, p 352 > 0.05). Thus, at the bay scale, microphytobenthos contributed to the sediment organic matter 353 for 19 ± 3 %, bay phytoplankton for 20 ± 12 %, degraded leaves of phanerogams for 25 ± 8 354 %, river SPOM for 19 ± 11 % and finally macroalgae for 17 ± 3 % (Fig. 4) The only difference in SOM isotopic signatures was a lower δ 13 C of subtidal sediment as 416 compared to sediments of Z. noltii meadows. This difference was due to two subtidal stations 417 (Fig. 3 ) located in the southern channel of the Bay (stations B and K; Fig. 1 ). This difference 418 could result from a larger contribution of continental POM input -continental POM is 13 C-419 depleted (Fig. 2) -to the SOM of this southern channel, which is connected to the Leyre 420
River. However, other subtidal stations located in the same channel did not exhibit peculiar 421 One of the aims of the present study was to evaluate the relative contribution of each kind of 456 primary producers to Arcachon Bay SOM. In order to maximize the relevance of estimated 457 contributions, it was necessary to limit the number of potential SOM sources considered in 458 the mixing model (Phillips & Gregg, 2003) . Some primary producers were therefore not 459 included in the calculations. Especially, it was considered that continental macrophytes are 460 not brought directly to the system but through riverine SPOM. Consequently only river 461 SPOM was considered as a continental source. The five other groups of primary producers 462 were used as determined by the SIMPROF of cluster analysis. Regarding seagrasses, 463 elemental and isotopic fractionation associated with Z. noltii degradation (see section 2.4) was 464 taken into account: elemental and isotopic signatures of seagrasses were accordingly corrected 465 before being used for mixing model calculations. Finally, five groups of potential SOM 466 sources were considered for the mixing model (Fig. 5) . 467
According to the mixing model estimations, the sediment organic matter of the top first 468 centimetre was composed of 25% of decayed phanerogams, 19% of microphytobenthos, 20% 469 of phytoplankton, 17% of macroalgaes (Gracilaria spp. plus Ulvales) and 19% of river 470 SPOM, on average in the Arcachon Bay (Fig. 4) . The contributions of microphytobenthos (19 471 ± 3%) and macroalgae (17 ± 3%) were very constant in the whole Bay , in contrast to the 472 contributions of seagrasses (25 ± 8%), phytoplankton (20 ± 12%) and river SPOM (19 ± 473 11%), which were more variable. The main departures to the mean pattern of SOM 474 composition were found at two stations exhibiting low δ 13 C and at four stations exhibiting 475 low C/N ratios (Fig. 3) . SOM of the former had a higher contribution of river SPOM (46-476 57%) whereas SOM of the latter had a higher contribution of phytoplankton (34-65%). 477
Another exception is the high contribution of seagrasses to SOM at the station with the higher 478 C/N ratio (Fig. 3) . The overall composition of sediment organic matter in Arcachon Bay 479 illustrates the diversity of particulate organic matter sources in coastal systems. Tables   Table 1. Isotopic and elemental signatures of each group of primary producers. Groups (1 to 7) were determined by a SIMPROF test on a cluster analysis. 1: Terrestrial higher plants and river SPOM, 2: River macroalgae, 3: Seagrasses, 4: Gracilaria spp., 5: Ulvales, 6: Bay phytoplankton, 7: Microphytobenthos.(see Section 3.1 for details). SD: standard deviation; n: number of values. Table 2 . Characteristics of sediment and sediment organic matter (SOM) regarding the three groups of sediments: subtidal sediment (S) and intertidal sediment with (I + Z.n.) and without (I − Z.n.) Zostera noltii meadows.
